The presence of multiple, neighbouring transition metals presents a challenge for powder diffraction when trying to locate individual elements in a structure. Combining the information in X-ray and neutron data in simultaneous refinements has historically been a powerful tool.
INTRODUCTION
Lithium-ion batteries have largely replaced nickel-cadmium and nickel-metal hydride batteries for consumer electronics applications. This is due to their increased energy density, where increased functionality is being demanded from ever smaller devices. The lithium-ion cell relies on the ability of lithium ions to shuttle backwards and forwards between a cathode (usually a lithiated transition metal oxide) and anode (usually graphite). One of the more costly components of a lithium-ion battery is the cathode material, the conventional material being LiCoO 2 . These materials have a layered structure for easy extraction and insertion of lithium ions into the structure, and often have the R-3m symmetry ( Figure 1 ). Although LiCoO 2 performs well as a cathode, cobalt is expensive as well as toxic, so intensive effort has been put into reducing or eliminating cobalt from the cathode materials, as well as improving performance. In common with many functional materials, a common approach is to substitute different elements into the structure to obtain the desired properties. More recently the substitutions have become more complex with multiple substitutions, which pose significant challenges. Rietveld analysis (4) of powder diffraction data has become a common tool for studying ordering, or confirming 4g 2b 2c 4h 4g 2b 2c 4h the absence of ordering in such oxides. The increasing complexity of site occupancies in crystal structures parallels the problem of increasingly complex simultaneous equations. Two variables (or in this case cations) is quite straightforward when full occupancy is assumed, three requires more information (e.g. a neutron dataset) and four becomes significantly more complicated.
Two ways of adding additional elemental contrast to the problem are to use isotopic substitution with neutron diffraction or resonant diffraction using a synchrotron. The resonant diffraction approach relies on tuning the wavelength to an absorption edge of one of the elements. The reduction in elastic scattering reduces the apparent electron density of the element, and consequently changes its apparent scattering power (5) . An example of this effect for manganese is shown in Figure 3 . 
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The transition metal cation ratios of the samples were determined using wavelength dispersive X-ray fluorescence. These ratios were used as constraints in the refinements. No constraints were made in terms of lithium content. Laboratory X-ray diffraction data were obtained using a dual Göbel mirror, parallel beam Bruker D8 diffractometer. Data were collected over the range 10-100º 2θ using CuKα radiation with a 0.02º step size and counting time of 12 seconds.
Neutron diffraction data were collected at 1.33Å on the NRC DUALSPEC C2 high-resolution neutron powder diffractometer located at the Chalk River Laboratories, Ontario, Canada.
Synchrotron X-ray diffraction data were collected on the X3B1 beam-line at the National Synchrotron Light Source at Brookhaven National Laboratory. Data were collected in reflection mode on a quartz zero background holder at 0.6999 (off edge), 1.605 (~Co K edge) and 1.869 Å (~Mn K edge). The data analysis was carried out using Topas 2.1 and 3.0 beta versions. The datasets were weighted such that the contribution of the single neutron dataset was not overwhelmed by the multiple X-ray datasets.
The occupational constraints were constructed such that the transition metals could 'float' across the different sites whilst refining the lithium-to-transition metal ratio. This was more difficult for the C2/m cell as 4 cation sites are involved with two different multiplicities. To allow the site occupancies to refine simultaneously a technique previously described for GSAS was utilised where the element occupancies on a single site are split up, and each portion shared with another site (7). The differing site multiplicities were dealt with arithmetically and penalty functions used to avoid negative lithium occupancies.
RESULTS AND DISCUSSION
The refinement of LiMn 1/3 Ni 1/3 Co 1/3 O 2 was stable and was consistent with a disordered R-3m structure with no sign of ordered superstructures (8) . The overall R wp over all of the refinements was 11%. Details of the individual fits can be seen in Whitfield et al (2005) (8). The final refined structure (seen in Figure 4 ) showed a displacement of 2% lithium by nickel within the structure, despite the lithium-to-transition metal ratio being very close to ideal at 1:1. Refined thermal parameters were close to those found for LiNiO 2 (9) .
In LiMn 1/3 Ni 1/3 Co 1/3 O 2 all of the nickel is known to be in the +2 oxidation state (10) An example of the preliminary fits obtained with the lithium-rich material can be seen in Figure 5 for the Co-edge data. It can be seen that the anisotropically broadened superstructure reflections in the range 21-25º 2θ can be fit successfully using arbitrary broadening functions.
Similar fits were obtained for the superstructure reflections in all of the datasets. The preliminary results suggest that the excess lithium is situated only on the 2b transition metal site. In addition, most of the transition metal occurring on the lithium sites seems to be nickel. It is possible that a small fraction of unoxidised Ni 2+ exists in the material. The presence of nickel in the lithium layers is often regarded as detrimental to the electrochemical performance of a cathode material. However, in cases where a very large fraction of the lithium is removed from the structure, it is possible that the presence of a pillar such as nickel could stabilise the crystal structure, and enhance both the reversibility of the intercalation/deintercalation and the discharge capacities attainable (amount of lithium that can be extracted per gram of material). This is a possibility that requires further study in these materials.
CONCLUSIONS
The addition of resonant scattering data to a simultaneous X-ray and neutron Rietveld refinement is a powerful tool to study cation ordering in complex oxide materials. In LiMn 
